Bovine ephemeral fever virus (BEFV), identified as the causative pathogen of bovine ephemeral fever (BEF), is responsible for increasing numbers of epidemics/outbreaks and has a significant harmful effect on the livestock industry. Therefore, a rapid detection assay is imperative for BEFV diagnosis. In this study, we described the development of lateral-flow dipstick isothermal recombinase polymerase amplification (LFD-RPA) assays for detection of BEFV. RPA primers and LF probes were designed by targeting the specific G gene, and the amplification product can be visualized on a simple lateral flow dipstick with the naked eyes. The amplification reaction was performed at 38°C for 20 min and LFD incubation time within 5 min. The detection limit of this assay was 8 copies per reaction, and there was no cross-reactivity with other bovine infectious viruses such as bovine viral diarrhea virus, infectious bovine rhinotracheitis virus, bovine respiratory syncytial virus, bovine coronavirus, bovine parainfluenza virus type 3, bovine vesicular stomatitis virus. In addition, the assay was performed with total 128 clinical specimens and the diagnostic results were compared with conventional RT-PCR, real-time quantative(q) PCR. The result showed that the coincidence rate of BEFV LFD-RPA and real-time qPCR was 96.09% (123/128), which was higher than conventional RT-PCR. The RPA combined with LFD assay probably provides a rapid and sensitive alternative for diagnosis of BEFV infections outbreak.
Introduction
Bovine ephemeral fever (BEF) caused by bovine ephemeral fever virus (BEFV) is an insect-borne viral disease of cattle. BEFV infection is characterized by variable clinical signs, such as acute febrile reaction, lameness, stiffness, reduced-milk production, lowered-male fertility, and also death in cattle [1] [2] [3] . The disease has been reported in tropical and subtropical regions of Asia, Australia and Africa. In addition, in recent years there have been several major outbreaks in China and much more widespread, and it has led to significant economic losses to dairy industry [4] [5] [6] [7] [8] [9] [10] [11] . Diagnosis and vaccination now are of great importance in the management of BEFV. However, vaccines at presently in use are less than ideal due to the poor heat-stability that might be incapable of providing reliable and durable protection following a single dose [3] , and further research is required to develop a rapid diagnostic assay that will provide reliable tools for the prevention and control of BEFV.
BEFV belongs to a typical species of the genus Ephemerovirus within the family Rhabdoviridae. It is a single stranded RNA virus that is comprised of 12 genes arranged in the order 3′-l-N-P/C-M-G-GNS-α1/ α2/α3-β-γ-L-t-5′. Among those genes and encoded proteins, most research to date has focused on developing diagnostic assay and recombinant vaccine targeting on the G gene [12] [13] [14] [15] [16] [17] [18] [19] .
Cell culture and indirect immunofluorescent detection have long been used for the detection of BEFV [17, [20] [21] [22] . In addition, BEFV can be routinely detected by the conventional RT-PCR, real-time quantative (q) PCR, and enzyme-linked immunosorbent assay (ELISA) as well as the virus neutralization test [23] [24] [25] [26] . However, those common detection methods are laboratory-based and require sophisticated instruments operated by special trained personnel.
Recombinase polymerase amplification (RPA) is a proliferation of next-generation molecular diagnostics relative to traditional PCR [27] . It is performed at a low and constant temperature (optimal temperatures 37°C-42°C) with the simple set-up and no thermal or chemical melting of DNA is required. The technology takes advantage of three major proteins including a recombinase enzyme to separate the DNA duplex, single-stranded DNA-binding proteins to stabilize the open complex, and polymerase to begin DNA synthesis using two opposing primers and probe chemistries. Much like PCR, if target sequence is indeed present, an exponential DNA amplification reaction is initiated. It can specifically amplify nucleic acid sequences in an isothermal format ranging from trace levels to detectable amounts of product with a rapid turnaround time. Commonly, the RPA amplification products can be detected by gel electrophoresis, probe-based fluorescence monitoring, lateral flow dipsticks depending on the specific oligonucleotide primers and/or a probe. Recently, RPA amplification system combined with enzyme-linked immunosorbent assay [28] , aptamer based bio-barcode (ABC) [29] , and hybridization in microarray format [30] have emerged. Lateral flow dipsticks detection based systems requires an additional oligonucleotide which is typically labeled on the 5′ end of FAM and conjoined with the opposing amplification primer typically labeled with biotin on the 5′ end. Consequently, this amplicons can be detected in a 'sandwich' assay. Although RPA technology has been widely used for detection of various pathogens since its initial development [31] [32] [33] [34] , there is no RPA used for BEFV detection, so far.
In this study, we aimed to develop the lateral flow dipsticks recombinase polymerase amplification (LFD-RPA) assays for rapid detection of BEFV. RPA primers and LF probes were designed by targeting the BEFV G gene, and the analytical sensitivity and specificity of the method were evaluated for etiology that are likely to cause bovine infectious viruses. Finally, the performance of the RPA assay was also evaluated on clinical samples for diagnosis of BEFV.
Materials and methods

Viruses, cell and clinical specimens
Bovine viral diarrhea virus (BVDV)/NADL strain, infectious bovine rhinotracheitis virus (IBRV)/BarthaNu/67 strain, bovine parainfluenza virus type 3(BPIV-3)/BN-1 strain were preserved in our laboratory, and the viruses were cultured in the Madin-Darby Bovine Kidney (MDBK) cell using the Dulbecco's Modified Eagle Medium (DMEM, HyClone, USA), containing antibiotics (1000 UI/L penicillin, 100 mg/L streptomycin) with 8% horse serum (HyClone, USA). Other bovine virus strains used in this study were provided by full-length cDNA clone sequence: entire genome sequence of bovine respiratory syncytial virus (BRSV)/A51908 strain, bovine ephemeral fever virus (BEFV)/(Gene Bank No: NC_002526.1), bovine coronavirus (BcoV)/ENT strain (Gene Bank No:NC_003045.1), respectively. The cDNA of bovine vesicular stomatitis virus was kindly provided by Wenqi He (Jilin University, China). A total of 128 clinical specimens were collected from cattle farms suspected to be infected with BEFV in eastern China.
Isolation of DNA/RNA, cDNA synthesis
IBRV DNA was extracted from 200 μL of infected cell culture supernatant using the UNIQ-10 viral DNA extraction kit (Sangon Biotech, Shanghai, China). RNA of BVDV, BPIV-3 was prepared from 200 μL of infected cell culture supernatant with the QIAamp viral RNA minikit (Qiagen, Germany) according to manufacturer's instructions, respectively. The DNA/RNA was eluted in 50 μL of nuclease-free water. The extracted RNA was used as template for cDNA synthesis using reverse transcription with random primers according to the instructions of the RevertAid First Strand cDNA Synthesis Kit (Fermentas, Canada). All templates were stored at −70°C until further needed.
Generation of DNA/RNA molecular standard
The BEFV G gene (1872 bp) cloned into pMD18-T vector was previously described by our laboratory [35] , and designated as G-T3-RPA. The G-T3-RPA standard DNA was measured using a Nanodrop ND-1000 spectrophotometer (Thermo Scientific, Germany). The DNA copy number was calculated by the equation: DNA cope number= (M × 6.02 × 10 23 × 10 −9 )/(n × 660), M: molecular weight, n: plasmid concentration measured at 260 nm. DNA standard was stored at −20°C until further used.
RNA molecular standard were prepared as described previously [36] with some modifications. In brief, the BEFV G gene (1872 bp) was cloned into pGEM-T Easy vector (Promega, USA). The recombinant plasmid was linearized by NdeI (Thermo Fisher Scientific, USA), and then purified using the Monarch PCR & DNA Cleanup Kit (New England Biolabs, USA). The RNA was transcribed by using the RiboMAX Large Scale RNA Production System-T7 (Promega, USA) and measured with the Quant-iTTM RiboGreen RNA Assay Kit (Thermo Fisher Scientific, Germany) in accordance with the manufacturer's instructions. The copy number of RNA molecules was calculated by the following formula: Amount (copies/μL) = [RNA concentration (g/μL)/(transcript length in nucleotides × 340)] × 6.02 × 10 23 .
Design of RPA primers and LF probe
By alignment analysis of the G gene with the data from NCBI/ GenBank (JX234571.1; M94266.1; KP403941.1; KJ729108.1; KM276084.1; KC470313.1; JX564640.1; JX564639.1; JX564638.1; JX564637.1; NC_002526.1), a series of primers and LF probes were designed according to RPA operating instructions of TwistDx (TwistDx, Ltd., Cambridge, United Kingdom), and synthesized by Sangon Biotech (Shanghai, China). In summary, the length of 30 bp to 35 bp for RPA Primers is recommended. TwistAmp LF Probe oligonucleotide backbone includes a 5′-antigenic label FAM group, an internal abasic nucleotide analogue 'dSpacer' and a 3′-polymerase extension blocking group C3spacer. One amplification primer opposing TwistAmp LF Probe is labeled with Biotin at its 5′ end, thus dual-labeled amplicons can be detected simultaneously on the LFD. Oligonucleotide sequences of RPA primers and LF probes used in the study were listed in Table 1 .
BEFV RPA assays
TwistAmp™ nfo kits were supplied as the dry enzyme pellet in eight strips vacuum-sealed pouches (TwistDx, Ltd., Cambridge, United Kingdom). The BEFV RPA was performed in a 50 μL final reaction volume according to the instructions outlined in the Twist Amp nfo kit manual. In brief, the rehydration solution contained 2 μL DNA template, 2.1 μL (10 μM) forward primers and reverse primers, respectively, 0.6 μL (10 μM) TwistAmp LF Probe, and 29.5 μL rehydration buffer. Resuspend the reaction pellet with 47.5 μL of the rehydration solution, and then the reaction was initiated by adding 2.5 μL of magnesium acetate (280 mM). The tubes were then incubated at 38°C in an incubator block for 4 min. As recommended, the samples were blended top down and bottom up 6-8 times after 4 min' incubation, and an additional incubation was continued for 21 min. In addition, in each run, a positive template control supplied with the Twist Amp nfo kit (primers/probe and template) and a negative template control (nuclease-free) water were included.
The amplicon of TwistAmp LF Probe system was visualized using a simple 'sandwich' LFD assay and 2% agarose gel. Milenia's Genline Hybridetect-1/Hybridetect-2 lateral flow strips (Germany) duplexes labeled with anti-FAM gold conjugates and anti-Biotin antibodies from Milenia GmbH were used in this study for detection of LFD-RPA amplified nucleic acids. 2 μL of hybridization products were mixed with 98 μL of PBST (1 × phosphate buffered saline with 0.1% Tween20) running buffer. The LFD were then placed into the PBST dilution in a 96-well plate. The positive amplification product was indicated by both test line and control line on the strip visualized simultaneously within 5 min, the negative control (no template) should generate a separate control line found further up test line on the strip. The absence of a control line on the LF strip indicates the strip could not work correctly.
The outcome of TwistAmp LF Probe systems were also analyzed by agarose gel-electrophoresis (AGE). In brief, the amplification product was purified by commercial PCR purification kits. The comparable size of required amount of the amplification products were visualized by electrophoresis on a 2% agarose-gel.
To determine the optimal reaction condition, different reaction temperature (25°C, 30°C, 35°C, 38°C, 42°C and 50°C) and different incubation time (10 min, 15 min, 20 min, 25 min and 30 min) were optimized for this methodology.
Analytical of sensitivity and specificity of the assay
To determine the detection limit of BEFV genomic copies, ten-fold serial dilutions standard G-T3-RPA plasmid by ranging from 8 × 10 7 to 8 × 10 −1 copies per reaction were detected within the same sample run.
The analytical specificity of the assay was assessed among other viral pathogens of cattle. DNA of IBRV, RNA of BVDV and BPIV-3 were prepared from cell culture supernatant, and cDNA of BVDV, BPIV-3 were prepared as above mentioned. Clone of full-length genome of BRSV and BcoV were supplied as templates in the LFD-RPA reaction. Additionally, 8 × 10 5 copies per reaction of standard G-T3-RPA plasmid and BEFV-free samples were used as a positive control and a negative control respectively.
Clinical specimen preparation
BEFV-free blood and lung tissue specimens were obtained from healthy calves and 104 clinical blood specimens and 24 tissue samples including 16 lung tissue specimens, 8 lymph gland specimens were collected from suspected dairy cattle cases of BEFV infections in eastern China. The details of clinical specimen were listed in Table 2 . Tissue specimens were homogenized in 10 mM phosphate buffered saline (PBS) with a dilution of 1:10 (W/V), centrifuged at 10,000 × g at 4°C for 15 min, 200 μL sample suspension or blood sample suspension was separated for RNA extraction with the QIAamp viral RNA minikit (Qiagen, Germany) according to manufacturer's instructions. The RNA was eluted in 50 μL of nuclease-free water. The extracted RNA was used as template for cDNA synthesis using reverse transcription with random primers according to the instructions of the RevertAid First Strand cDNA Synthesis Kit (Fermentas, Canada). The volume of 2 μL of cDNA extracted from each specimen was used as a template in the RPA reactions.
Real-time qPCR and RT-PCR for amplification of BEFV
The RT-qPCR was conducted with the primers and probe targeting glycoprotein gene described by Yehuda Stram [25] . In briefly, the primer pairs for real-time qPCR used for amplification of BEFV were Bef70f: GAGATCAAATGTCCACAACGTTTAA, Bef117R: AATGTTCATC CTTTGCAAGATTATGA, and MGB probe: AATTATCACTTCAAGCCC labeled with FAM. The reaction was performed in an ABI Prism 7000 apparatus (ABI, USA) in a 20 μL volume, and the reaction conditions were: 50°C for 2 min, 95°C for 10 min, and then 40 cycles of 95°C for 15 s and 60°C for 1 min. In diagnostic real-time RT-PCR assay, it was customary to regard results between cycle threshold (C t ) 35 and 40 as equivocal and above C t 40 as negative. The clinical sample assessment Table 1 The sequences of primers and probes designed for screening in the study.
Primer/probe sets
Primers Name
Oligonucleotide sequences (5′-3′) Product sizes (bp)
Note: F: forward primer; R: reverse primer; LF: probe; FAM: Carboxyfluorescein; dSpacer: a tetrahydrofuran residue; C3-spacer: 3′-block.
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Molecular and Cellular Probes 38 (2018) [31] [32] [33] [34] [35] [36] [37] was also carried out by reverse transcription PCR (RT-PCR) assay with gel electrophoresis detection previously published by Niwa et al. [24] . Two methods were operated with the same amount of template.
Results
Design and screening of BEFV RPA primer and probe sets
16 forward and reverse and four LF probe combinations of candidate primers/probes targeting G gene were designed and screened for the detection of BEFV ( Table 1 ). The candidate primers/probe for the LFD-RPA assay was screened by performing with TwistAmp nfo reactions and preliminarily analyzed its amplified specificity on 2% agarose gel with labeled amplicons. Of these, 3F/3R/3LF sets were identified as capable of specific amplification efficiency with the expected size of 235 bp (Fig. 1A) , and LFD-RPA test line showed faster than other sets within 5 min (Fig. 1B) . Therefore, 3F/3R/3LF primer set was chosen for subsequent evaluation ( Supplementary Fig. 1 ). Besides that, different reaction temperature and different incubation time were optimized for this methodology. The results showed that the best amplified product were observed in reactions incubated at 38°C ( Fig. 2A ) and could be detected 15 min or longer (Fig. 2B) . Thus, the process of amplification reaction of the BEFV LFD-RPA assay was performed at 38°C for 20 min.
Sensitivity and specificity of the BEFV RPA reaction
To determine the sensitivity of RPA assay, we carried out the BEFV LFD-RPA assay with the quantity of template ranging from 8 × 10 7 to 8 × 10 −1 copies per reaction. The result showed that the minimum virus detection limits of RPA were as low as 8 copies per reaction (Fig. 3A&3B) . The copy number of RNA molecules transcribed from standard G-T3-RPA calculated by RNA molecular standard was 24 RNA molecules.
The specificity of the assay was assessed among other viral pathogens of cattle with similar clinical signs including IBRV, BVDV, BPIV-3, BRSV and BcoV as well as similar etiologies such as VSV cDNA and clone of full-length genome of other viral pathogens were supplied in the LFD-RPA reaction with an excess of templates. The results indicated that no cross-reactions of the IBRV, BVDV, BPIV-3, BRSV, BcoV and VSV were observed on the dipstick within 5 min (Fig. 4A&4B) . To check the quality of RNA/DAN preparations used for the specificity of the assay, we undertook PCR reaction firstly with positive primer of corresponding template respectively on 2% agarose gel (Fig. 4C) . The viral specific primers used in this study were listed in additional Table 1 .
Performance of BEFV LFD RPA assay on clinical samples
To evaluate the BEFV LFD RPA assay, we performed this method on clinical samples detection. In addition, suspected of BEFV infectious clinical blood specimens and tissue samples were obtained from submitted for inspection to our laboratory. A volume of 2 μL of cDNA from each blood and tissue specimen extraction was used as a template in conventional RT-PCR, LFD RPA, and real-time qPCR assay, respectively. The results of those assays showed that a total of 83 clinical specimens were tested positive by conventional RT-PCR, while the similar performance that 96 specimens were detected positive by BEFV RPA nucleic acid amplification assays on LFD within 5 min, and 95 specimens were positive with the C t values below 35 using the real-time qPCR assay. Therefore, the positive rate detected by conventional RT-PCR, RPA, and real-time qPCR was 64.84% (83/128), 75.00% (96/128), 74.22% (95/128), respectively ( Table 2 ). This particular RPA therefore was highly sensitive compared with the conventional RT-PCR, and the result indicated that the sensitivity, specificity and coincidence rate of BEFV LFD-RPA and real-time qPCR was 97.89% (93/95), 90.91% (A) Sensitivity of the LFD-RPA assay. Molecular sensitivity test results of RPA using 10-fold serially diluted template of standard plasmid. Lane 1: positive control (supplied by Twist Amp nfo kit); Lane 2:negative control (DNase-free water); BEFV templates of lane 3 to 11 in these reactions ranged from 8 × 10 7 to 8 × 10 −1 copies per reaction, respectively. Samples were tested in triplicate with one reaction displayed in figure for each triplicate. (B) BEFV RPA reaction products were detected on a 2% agarose gel. BEFV templates of Lane 1 to Lane 9 in these reactions ranged from 8 × 10 7 to 8 × 10 −1 copies per reaction, respectively. Table 1 ). The positive amplification results were shown in Lane 1, Lane 3, Lane 5, Lane 7, Lane 9, Lane 11, Lane 13, respectively. Lane 2, Lane 4, Lane 6, Lane 8, Lane 10, Lane 12, Lane 14 were negative controls with DNase-free water as template.
(30/33), 96.09% (123/128), respectively (Table 3) . Moreover, there was very good correlation between the results from LFD RPA and realtime qPCR of the same sample.
Discussion
In this study, a rapid LFD RPA assay that was an alternative method for the confirmation of BEFV infection in cattle was developed. Moreover, this is the first report about the development of a LFD-RPA for detection of BEFV. Consistent with previous various nucleic acid tests for detection BEFV, the primers were designed for the amplification of G gene among isolates obtained from Mainland China, as well as Taiwan, Japan, Australia, Turkey and Israel, and this method might also be useful for the detection of BEFV strains isolated from other countries and regions [37] .
As far as RPA system is concerned, unlike PCR-based DNA amplification assays, there is no design support software program available for RPA. In this study, several primer and probe combinations were designed and screened for specific amplification efficiency for the RPA assay ( Table 1) . It is worth mentioning that, design and determine of ideal BEFV primers and probes are much more stringent as it requires longer primers (30-35 bases) and probes (46-52 bases) leading to the formation of secondary structures. Furthermore, the amplicons of RPA combined with LF Probe system were visualized using both a simple 'sandwich' LFD assay and 2% agarose gel. In this study, we firstly performed primers/probe screening on 2% agarose gel to exclude nonspecific amplification (Fig. 1A) , and analyzed its amplification efficiency with labeled amplicons on the LFD (Fig. 1B) .
The aim of this study was to develop a sensitive, specific, simple, and rapid diagnostic assay that is applied to detection of BEFV infections. According to previous published reports, an extensive performance on detecting BEFV was carried out including reliable assay protocol for identification of diseases (RAPID)-bioactive amplification with probing (BAP) assay, RT-LAMP, real time qPCR and conventional RT-PCR [12, 23, 25, 38] . With respect to analytical sensitivity, the limit of detection of the assay was 8 copies per reaction determined by testing replicates of various concentrations of G-T3-RPA plasmid (Fig. 3A) . It seems to be similar to other techniques reported previously such as RT-LAMP (20 copies/tube of RNA), real-time-RT-PCR (lies between 10 and 100 copies), and higher than RT-PCR (200 copies/tube of RNA), but lower than that the detection limit of RAPID-BAP assay was 1 copy/μL. To some extent, BEFV LFD-RPA outperforms RT-LAMP and real time qPCR: on the one hand, RPA reaction only utilizes two primers and one probe and three binding sites, in contrast, the RT-LAMP assay needs at least four primers and six binding sites, a higher reactive temperature (60-65°C) [38] . On the other hand, RPA reagents provided in a lyophilized are stable even when stored for 3 weeks at 45°C, which allow independence from the cooling chain [39] . Moreover, it only requires a simple heat block to run (38°C) (Fig. 2) and the results can also be visualized by LFD with naked eyes inspection while the method of real-time-qPCR requires sophisticated instruments operated by specially trained personnel. What's more important, the study of analytical specificity is not only typically evaluated for etiologies that are likely to cause clinical presentations similar to the target etiology, but also evaluating those more closely related to BEFV that considered as potential sources of false-positives ( Fig. 3B) . It is worth mentioning that the high sensitivity and specificity of this lateral flow based detection systems assay gave the credit to good use of gold-labeled anti-FAM and anti-Biotin antibodies to capture RPA product simultaneously [40] . Although some biochemical methods including the flow type quartz crystal microbalance immunosensor have been published that are able to detect of BEFV [41] , the procedure is somewhat complicated and requires the BEFV monoclonal antibodies on the gold surface of a quartzcrystal microbalance (QCM), and the whole process of this method needs to be operated by a professional personnel.
Increasing numbers of reports showed that PCR-based detection of BEFV is now widely used for rapid laboratory diagnosis [23, 25, 42] . As the applications of LFD-RPA, conventional RT-PCR and real time qPCR methods for detection BEFV genomes from clinical samples (Table 2) , the results clearly indicated the potential benefits of the developed assay over PCR-based methods. Furthermore, it is much rapid than other nucleic acid tests at present and the reaction is performed at an ambient constant temperature instead of an expensive and sophisticated thermo cycler. However, the typical benefit of lateral-flow assays is their ability to be used as pen-side tests, this does not appear to be possible in this situation due to the requirement the prepared of BEFV genomes to make cDNA prior to performing the test. Therefore, it is possible that the performance of the BEFV RPA assay could be improved from that observed in this study.
Conclusions
The LFD RPA assay are successfully developed for the rapid, sensitive and specific detection of BEFV. In addition, this methodology of BEFV LFD-RPA may aid in identification of BEFV infected individuals in beef and dairy farms. The results are gratifying but the method also requires a larger number of samples for further optimization and validation. Furthermore, the assay has potential to be a promising alternative to other isothermal methods for rapid detection of BEFV.
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